The results of an experiment combining Doppler beam steering (DBS) and angle of arrival (AOA) measurements are presented. Non-zero values of vertical beam AOAs and o -zenith DBS power measurements have been attributed to the action of tilted specular layers by various authors. This study aims to directly compare the two sets of measurements in an e ort to determine whether the action of tilting specular layers can be observed in both vertical beam AOAs and o -zenith DBS power values. The results of the comparison indicate that the power di erences in beams at 3:6 o -zenith are related to the AOA on a vertical beam and that the variation of the two quantities is consistent with tilted specular layers being observed in all of these beams. In contrast, the power di erences at 10:8 o -zenith do not appear to have the same relationship to the AOA values observed on a vertical beam.
Introduction
For the most part, interferometric angle of arrival (AOA) measurements made using a VHF radar have been used to examine the e ect of non-zero values on the vertical velocity. The AOA is commonly assumed to be a measure of the power-weighted mean position of the radiowave backscatter. This assumption has recently been veried through an experiment by Palmer et al: 1998 ] which utilised both Doppler beam steering (DBS) and AOA data to verify that the AOA is the position of maximum backscatter as a function of o -zenith angle. Under the assumption that non-zero AOA values are a result of the tilting of specular scattering layers, AOA values and a knowledge of the horizontal wind can be used to correct vertical beam velocity measurements for the fact that the combined polar diagram of the scatterers and the radar beam is not exactly vertical. Examples include R ottger et al: 1990], Palmer et al: 1991] and Larsen and R ottger 1991] .
As a result of these experiments the e ect of tilted specular layers on vertical beam data is fairly well accepted. However the e ect, if any, on o -zenith beam data has only recently been studied through DBS experiments discussed by Worthington and Thomas 1996] , Worthington and Thomas 1997] , Tsuda et al: 1997b] and Worthington et al: 1999] . Using DBS measurements to map the angular distribution of power, Worthington and Thomas 1996] and Worthington and Thomas 1997] revealed non-zero power di erences in the azimuthal distribution of power at symmetric o -zenith angles, which the authors have suggested is evidence of tilted horizontal layers, while Tsuda et al: 1997b] showed that observed variations in the azimuthal distribution of DBS data at a constant o -zenith angle were consistent with a numerical model of a corrugated layer disturbed by gravity waves.
The lack of AOA measurements in these experiments prevented these authors from con rming that the observed anisotropy in symmetric o -zenith beams was related to tilted specular layers, which are usually inferred by measuring vertical beam AOAs. The relationship between AOA and o -zenith beam DBS data was investigated by Palmer et al: 1998 ]. However, only the data within 5 of zenith were discussed in that experiment, whereas the results of Worthington and Thomas 1996] in particular showed symmetric o -zenith beam power di erences in beams at 12 o -zenith. As such, under the assumption that non-zero power di erences between symmetric ozenith beams and non-zero AOAs measured on a vertical beam are produced by the tilting of specular layers, the experiment discussed in this paper was designed to use the new dual spaced antenna AOA/DBS capabilities of the Buckland Park (BP) VHF ST radar, located in Adelaide, South Australia, to investigate the relationship between these two quantities as a function of o -zenith angle.
Experiment description
Between 1995-1998 the BP VHF ST radar was upgraded such that it is now capable of electronically steered DBS measurements at a range of angles in both the NorthSouth and East-West planes, and interferometric measurements on six receivers, in a variety of antenna con gurations. The original BP VHF ST system, described by V incent et al: 1987] , consisted of a coaxial-colinear (CoCo) antenna array which enabled DBS measurements in the East-West plane only, and three subarrays of Yagi antennas for interferometric spaced antenna measurements. The upgraded radar includes a second CoCo array, arranged orthogonal to and on top of the existing EastWest array. This second array enables North-South Doppler beams. The two CoCo antenna arrays are independant, which results in independant measurements on the two arrays, and in particular, independant colocated 0:0 measurements on each array.
The independant CoCo antenna arrays can be split into numerous groups for spaced antenna measurements. However, one limitation of the antenna groups available with the system is that it is only possible to split the original East-West array into sections joined by east-west baselines. As such, in order to obtain AOA and DBS measurements using both the East-West and North-South arrays, it was necessary to split the arrays into strips. A DBS/AOA experiment was conducted over the period 18-22/2/98, with the East-West and North-South arrays split up as shown in Figure 1 .
In this antenna arrangement, AOAs are only available in one dimension on each of the East-West and North-South arrays. This was a limitation in the data set, but the bene t of conducting the experiment in this manner was the redundancy in the determination of the AOAs on a given array, with two completely independant estimates, and six inter-related estimates of the AOA on each array. The beam of the radar was positioned at any given angle for approximately 1 minute, including data read out times. Figure 2 shows these positions, and the beam sequence of the experiment, which took approximately 12 minutes for one complete cycle. Table 1 shows the data collection parameters used for the experiment.
All of the data were compiled into single beams for DBS analysis by adding the time series from a given receiver together, after accounting for the phase o sets and amplitude di erences between receivers. AOA values were calculated for the vertical beam data only. An individual AOA was calculated from the phase di erence, ij , between a given pair of antennas, i and j, a distance d ij apart, by using the equation (R ottger and Ierkic 1985]):
where ij denotes the value of the AOA. All of the data presented in this paper were collected over the reduced height range from 3 -8 km in order to ensure that only good quality, high signal to noise ratio (SNR) data were used.
Angle of arrival results
As a rst check on the vertical beam AOAs measured in the experiment, the AOA values from each of the six possible pairs of antenna groups in either the East-West or North-South direction were compared. Figure 3 shows the results for a 24 hour time series of AOA. The AOA values in Figure 3 were measured on the vertical beam of the North-South array, at a range of 6 km, with the beam in the beam sequence between the north 3:6 and south 3:6 beams, and are shown at the minimum resolution of 12 minutes. Except for the \spikes" in the pro le from the combination of receivers 3 and 6, it can be seen that the agreement of the AOAs measured at any given time, on any given receiver combination is excellent. This good agreement between the AOA values seen with the various combinations of antenna groups was a general feature over the full ve days of the data set, for both the East-West and North-South arrays, with the exception of the AOA measured with the receiver 3 and 6 combination, which corresponds to the two furthest antenna groups. The AOAs calculated from this pair of antenna groups often showed spikes such as those shown in Figure 3 .
The reason for this behaviour is partly explained by the relatively large distance between the two furthest antenna groups. The distance between the antenna groups dictates the range of AOAs that are observable. This range can be calculated by substituting for the maximum range of the phase di erence between receivers, 180 , into Equation 1 for a given antenna separation. For the largest spacing in the experiment of 66.6 m, the observable range of AOAs was 2:4 , while for the smallest separation of 22.2 m, the range was 7:2 . AOA values outside this range were ambiguous and therefore not good AOA estimates; the \spikes" in the AOA plot for the pair of furthest antenna groups are examples of these erroneous AOA estimates. Excluding the AOA data from these two antenna groups, the majority of AOA estimates were in the range 1:5 , which is consistent with the transmitter beam half-power half-width on the whole array for these experiments of between 1:6 and 1:7 . The percentage of vertical beam AOA values outside the observable range for all possible antenna grouping separations, except the furthest apart, was between 0.02% and 0.4%. The data from the pair of furthest antenna groups was not used for the analysis discussed in the remainder of this paper.
Given that the di erent estimates of the AOA measured in a given plane, at a given time, show good agreement, an average value for the AOA in the plane can be calculated from these individual estimates. Average AOAs were calculated for each instant in time, using all combinations of the AOA in a given plane of the data set, except that from the antenna groups furthest apart. Figure 4 shows the results. The data is shown in histogram form, where the histograms were compiled over the height range from 3 -8 km in each case. It can be seen that the distributions are very narrow, being less than half the value of the half-power half-widths of the transmit beams used in the experiments, of 1:6 and 1:7 . The AOA distributions are similar to those seen in similar histograms plots by Chau and Balsley 1998 ] who used a transmit beam half-power half-width of approximately 2 and a receive beam half-power half-width of approximately 4:1 , and obtained Gaussian half-power half-widths of approximately 0:4 . The analysis in the remainder of this study was performed on these average AOA values.
O -zenith beam SNRs and vertical beam AOAs
The data collection regime used for the work in this paper was adopted so that in one three minute period, a set of measurements including two symmetric o -zenith beams and a vertical beam were collected in the order; o -zenith beam 1, vertical beam, o -zenith beam 2. In this manner, under the assumption that the atmosphere did not change dramatically over the three minute period, the SNR di erence between the symmetric pair of DBS beams was calculated and directly compared with the AOA measured on the vertical beam.
The justi cation for comparing the SNR di erence and the AOA is as follows. Let the polar diagram of the scatterers be given by:
where l is the direction cosine in the beam pointing direction, l 0 is the direction cosine of the power weighted mean position of the scatterers, and l 1 is the direction cosine of the aspect sensitivity parameter s (Hocking et al: 1986] ). Using the standard de nition of SNR:
where N is the noise level, it is simple to show that the SNR di erence between symmetric o -zenith angles, ?l and l, is directly proportional to l 0 , the power weighted mean position of the scatterers, and thereby the AOA, if the e ects of the nite width of the radar beam are ignored. Physically this can be understood by studying Figure 5 which shows a schematic of the simplest case of a single totally at, or smooth, tilted specular layer being observed in a vertical beam, and two o -zenith beams directed at 3:6 to the north and south.
The work by Tsuda et al: 1997b] suggests that the layers are probably corrugated due to the passage of gravity waves, rather than at, or smooth, as depicted in Figure 5 . However, the assumption that the layer is at is adequate for the present work. In addition, the fact that there is only one layer in Figure 5 is not necessarily expected to be the case. Any number of layers may be present in the range gate of the radar, but the depiction of only one layer in the range gate as shown in Figure 6 is adequate to describe the assumptions about the relationship between the AOA and the SNR in the o -zenith beams.
The half-power half-width of the beam on the full arrays of the BP VHF ST radar, of approximately 1:7 , means that the 3:6 o -zenith beams are positioned almost exactly either side of the vertical beam, neglecting the e ects of biases towards the zenith due to aspect sensitivity. The orientation of the layer in the beam as shown in Figure 5 is expected to cause the beam directed to the north to receive slightly more power than the beam directed to the south, due to the fact that the beam directed to the north is more perpendicular to the layer. At the same time, the layer is expected to cause a slightly o -zenith AOA in the vertical beam, with the direction slightly towards the north. As such, the di erence between the SNRs measured in the symmetric beams is expected to be directly proportional to the zenith beam AOA, as discussed above.
Before presenting the comparison of the SNR di erences and AOA data, it is necessary to determine the nature of the scattering a ecting the data sets. The top plot in Figure 6 shows the SNR pro les for three beams used in the experiment, over the full 5 days of the data set, at a range of 5.5 km. The thick solid line in Figure 6 corresponds to the vertical beam on the North-South array, the thin solid line shows the SNR for the 3:6 o -zenith beam, and the dashed line shows the SNR for the 10:8 o -zenith beam. There were six minutes separating the measurements in the three beams. Despite this, it can be clearly seen from this plot that the atmosphere sampled by these three beams was aspect sensitive throughout the data set, with a slight drop in SNR between the 0:0 and 3:6 o -zenith beams, and a large decrease in SNR between these two beams and the 10:8 o -zenith beam. This o -zenith SNR behaviour was a general feature of the backscatter over the full height range of interest in this work, from 3 -8 km.
The bottom plot in Figure 6 shows the SNR of the north and south 3:6 o -zenith beams, also at a range of 5.5 km, over the full data set. The northward beam is shown as the solid line, while the southward beam is shown as the dashed line. It can be seen in the bottom plot of Figure 6 that the pair of 3:6 beams track each other fairly well, despite the fact that two minutes separated the measurements in each beam. It can also be seen, however, that there are di erences between the two beams. The time series of SNR in Figure 6 are shown at the minimum possible resolution of 12 minutes for the data collection in a given beam of the data set.
The investigation of the relationship between SNR di erences in symmetric ozenith beams and AOAs on vertical beams was done by calculating the correlation coe cients of the two variables, in the same manner as that of R ottger et al: 1990] who investigated the relationship between AOA and vertical velocities.
The rst step in investigating the SNR and AOA data discussed here was to examine the behaviour of the time series of SNR di erences, relative to the corresponding time series of AOAs. The individual measurements of the SNR di erences were assumed to be coincident with the corresponding individual measurements of AOA. Note that all the SNR di erences in a given pair of symmetrical o -zenith beams were calculated from the north beam SNR -south beam SNR, and east beam SNR -west beam SNR. Figure 7 shows a scatter plot of the SNR di erences observed in the north and south beams at 3:6 o -zenith, and the AOA measured on the vertical beam directed between them in time. Figure 8 shows a scatter plot of the SNR di erences observed in the north and south beams at 10:8 o -zenith, and the AOA measured on the vertical beam directed between them in time. In both Figure 7 and Figure 8 the SNR di erences are plotted along the ordinate while the corresponding AOAs are plotted along the abscissa. Both scatter plots were compiled from data over the height range from 3 -8 km, using data at the minimum possible resolution of 12 minutes over the full data set. These two gures are shown overplotted with the lines x = 0 and y = 0 for reference.
When comparing Figure 7 and Figure 8 it can be seen that the scatter in the rst gure has a distinct positive slope to it, while the scatter in the second gure shows virtually circular scatter about the origin of the plot. Figure 7 is suggestive of a relationship between the SNR di erences seen on symmetrical o -zenith beams directed at 3:6 o -zenith, and the AOAs seen on a vertical beam between the two o -zenith beams in time. In contrast, Figure 8 shows that there is no clear relationship between the SNR di erences seen on symmetrical o -zenith beams directed at 10:8 o -zenith, and the AOAs seen on a vertical beam between these two o -zenith beams in time. Before examining this behaviour in more detail, it is necessary to introduce the key to plots on the pages that follow. Figure 9 shows the plot symbol that is used for the data at a given height in the following gures.
Given the scatter in Figures 7 and 8 , perfect correlations resulting in a correlation coe cient of unity were not expected. As such, it was necessary to determine the signi cance of any correlation coe cients that were calculated, and to determine the lower limit of what constituted a signi cant correlation coe cient.
If the true linear correlation coe cient, r, between two variables which are Gaussian distributed is zero, then the statistic (Press et al: 1986] 
where t =2;n?2 is the t statistic for the appropriate number of samples and con dence level. Both the SNR di erence data and the AOA data used here had Gaussian distributions. Correlation coe cients were calculated at each height for each of the ve days of the data set. Small data gaps in the DBS data resulted from the rejection of outliers. No interpolation over data gaps was performed, as such, the correlation coe cients were calculated for only those points in time where data existed in all three beams. A 95% con dence level was chosen for all of the correlation data discussed here. The minimum number of points suitable for correlation at a given height, on a given day in the data set was found to be approximately 100. Using this value of n, correlation coe cients greater than 0.2 were found to be signi cantly di erent from 0.0 at the 95% con dence level.
As a further test of the validity of the correlation between the SNR di erences and AOAs, the non-parametric or rank correlation coe cient was also calculated. Rather than calculating the correlation coe cient of the data, rank correlation uses the correlation coe cient of the ranks of the data. Each data point is replaced with its rank within the data set and the two sets of ranks are correlated. This kind of correlation assumes nothing about the distribution of the original data and as such is considered to be a more robust measure of correlation than linear correlation, in the same way that the median is more robust than the mean (Press et al: 1986] ). The Spearman rank-order correlation coe cient, r s , was used to compare with the linear correlation coe cient. The same signi cance test as was applied to r can be applied to r s , resulting in the same 95% con dence level of signi cant correlation for r s larger than 0.2.
In practice, for the variables used here, the di erence between the correlation coefcient from linear and rank correlation was minimal, due to the fact that the variables were well described by Gaussian distributions, and were therefore well suited to the linear correlation test. As such, the linear correlation coe cient was considered to be a robust measure of the degree of correlation between the two variables and was used for the data that follow. Figure 10 shows the linear correlation coe cient between the SNR di erences in the north and south beams at 3:6 o -zenith, and the AOA measured on the beam between them in time, for each day at all heights from 3 -8 km. The shaded area in this plot shows the area within which a correlation coe cient is not signi cant, at the 95% con dence level. Points outside the shaded area in the plot are signi cant correlations, while points inside the shaded region are not signi cantly di erent from a correlation coe cient of 0.0, at the 95% con dence level.
It can be seen from Figure 10 that there is signi cant positive correlation between the SNR di erences as seen on DBS beams directed at 3:6 o -zenith to the north and south, and the vertical beam AOA. The variation of the SNR di erences, as seen in the two o -zenith beams at 3:6 , is therefore related to the AOA on the vertical beam. Figure 11 shows the linear correlation coe cient between the SNR di erences as seen on DBS beams directed at 10:8 o -zenith to the north and south, and the AOA as measured on the vertical beam directed between the o -zenith beams in time. It can be seen that in contrast to Figure 10 there are very few signi cant points in this gure, which suggests that the SNR di erences as seen on the two o -zenith beams at 10:8 are independant of the AOA as seen on the vertical beam. The data are displayed as a function of height as an original aim of the study was to investigate any possible relationship between the actual value of the correlation coe cient and the aspect sensitivity of the backscatter, as measured through s . However, no clear relationship between these two quantities was evident, nor was there any clear relationship between the value of the correlation coe cient at a given height and the o -zenith angle or azimuth of the data. Despite this, the data were left in this original format. Figure 12 and Figure 13 show the linear correlation coe cient diagrams for the data from the East-West array. Figure 12 shows the correlation between SNR di erences seen on DBS beams directed at 3:6 o -zenith to the east and west, and the AOA measured on a vertical beam directed between the two o -zenith beams in time. While Figure 13 shows the correlation results for the 10:8 o -zenith DBS beams to the east and west and the AOA for the vertical beam directed between the two o -zenith beams in time. It can be seen that the behaviour for the two angles is very similar to that seen in Figure 10 and Figure 11 , with a high number of signi cant correlations for the 3:6 o -zenith data, and fewer signi cant correlations for the 10:8 o -zenith data. Signi cant correlation coe cients for the 3:6 o -zenith data are in the range from 0.2 -0.5, while signi cant correlation coe cients in for the 10:8 are in the range 0.2 -0.3.
In order to check that the signi cant correlations for 3:6 o -zenith data shown in Figure 10 and Figure 12 were meaningful, the correlation coe cient between the SNR di erences seen on the north and south 3:6 o -zenith beams and the AOA seen on the vertical beam that was directed between the north and south 10:8 o -zenith beams in time was calculated. This correlation is between an SNR di erence measured on 3:6 o -zenith beams at one time, and an AOA measured on the vertical beam on the same array, six minutes later. Figure 14 shows the results. It can be seen that the number of signi cant correlations has decreased between this gure and Figure 10 . This suggests that the variation in the atmosphere over the six minutes is such that the vertical beam measuring the AOA, and the 3:6 o -zenith beams measuring SNR di erences are not experiencing the same scatter, as they were for the data shown in Figure 10 . A further check was made by calculating the linear correlation coe cient between the SNR di erences seen on DBS beams at 3:6 o -zenith to the north and south, and the AOA measured on the vertical beam that was directed between the east and west 3:6 o -zenith beams in time. This correlation is between the SNR di erences measured with 3:6 o -zenith beams on one array, and the AOA measured only three minutes later, on the opposite array. Figure 15 shows the results. It can be seen that there are virtually no signi cant correlations between these two data sets. This is as expected since there is no reason for these two parameters, measured in orthogonal azimuths, to be related to one another.
Discussion
Recent calculations by Hocking and Hamza 1997] suggest that s values less than 5 are the result of specular scatter. These authors claim that anisotropic turbulence is not capable of producing scatter that is aspect sensitive enough to produce s values below 5 . The data set presented in this paper was aspect sensitive throughout, and although the s values from the 0:0 and 3:6 o -zenith beams for these data sets are not shown, they were less than 5 . This fact, coupled with the fact that the SNR di erences between symmetrical o -zenith beams, and AOA values on a vertical beam directed between the o -zenith beams in time, were shown to be signi cantly correlated for most heights throughout the data sets, suggests that the 3:6 o -zenith DBS beams and the vertical beam are receiving backscatter from tilted specular layers. Scattering from specular layers, which may be tilted, and anisotropic turbulence are believed to be the mechanisms which cause aspect sensitive scatter. Anisotropic turbulence could be responsible for the non-zero AOA measurements presented in this paper. But, there is no physical reason why the AOA produced by anisotropic turbulence, as observed in a vertical beam, should be correlated with the di erences in SNRs in o -zenith beams at 3:6 . However, tilted layers do provide a sound physical reason for the signi cant correlations between the 3:6 o -zenith, and vertical beam data that have been shown in this paper.
In contrast to the 3:6 o -zenith results, there were far fewer signi cant correlations between the 10:8 o -zenith beams and the corresponding vertical beam AOAs, measured on a beam directed between the o -zenith beams in time. The lower number of signi cant correlations as a function of height and day for the 10:8 o -zenith comparison was seen in both zonal and meridional data. This result suggests that the 10:8 o -zenith DBS beams were not responding to the layers measured in the vertical beam as often as the 3:6 o -zenith beams. Another possible cause could be the di erence between the sampling of the 3:6 and 10:8 o -zenith beams. At the highest range used for this work, 8 km, the 3:6 o -zenith range gate is centred on a height of 7.98 km, while the 10:8 o -zenith gate is centred on a height of 7.86 km. The range gates used for this work were 1 km in length, which meant that the 10:8 o -zenith beam samples approximately 86% of the same height range as the vertical beam. In addition, the 10:8 o -zenith beams are approximately 3 km apart at a range of 8 km, while the 3:6 o -zenith beams are approximately 1 km apart at the same range. These spatial di erences could contribute in some way to the di erences between the relationship between the AOAs and the 3:6 or 10:8 o -zenith beams. In that case, the di erence in the correlation behaviour for the two di erent o -zenith angles might be indicative of the horizontal extent of the layers seen on the vertical beam, and the concentration of layers within a radar range gate.
The fact that there were some signi cant correlations between the 10:8 o -zenith beam SNR di erences and the vertical beam AOAs, suggests that there are times when the 10:8 o -zenith beams are a ected by the aspect sensitive layers observed with the vertical beam. This is in agreement with the work of Tsuda et al: 1997a] which showed that truly isotropic scatter was only consistently measured with beams directed at angles of 18 o -zenith or more.
Correlation coe cients were also calculated between the 3:6 o -zenith beam SNR di erences on the north and south beams and the AOAs measured on a vertical beam on the North-South array six minutes after the 3:6 o -zenith beams. It was found that the number of signi cantly correlations reduced markedly, compared to the number when using the essentially coincident vertical beam AOAs. In addition, correlation coe cients for the 3:6 o -zenith beam SNR di erences on the north and south beams and AOAs measured on a vertical beam on the East-West array three minutes later than the 3:6 o -zenith north and south beams were calculated. The North-South and East-West arrays are totally independant and as such, the measurements were expected to be unrelated. This was seen to be the case with virtually no signi cant correlations for this pair of variables.
The fact that there were some signi cant correlations between the pair of o -zenith SNR di erences at 3:6 o -zenith and the AOA measured six minutes later on the same array, suggests that while most of the layers have modi ed enough within the six minutes such that the number of signi cant correlations is reduced, there are still a number of layers that are similar enough in their orientation that they are still signi cantly correlated with the SNR di erences recorded six minutes earlier. This suggests that the lifetime of the layers a ecting the beams is at least of the order of tens of minutes.
The fact that the vertical and o -zenith data presented in this paper were not collected simultaneously will have an e ect on the results discussed here. The results of Palmer et al: 1998 ] which showed excellent agreement between the direction of maximum backscattered power in o -zenith beams and AOAs on a vertical beam, were collected essentially simultaneously using interpulse beam-steering. It is possible that the actual value of the signi cant correlation coe cients for the 3:6 o -zenith DBS data would be closer to unity if the data presented here were collected in a similar manner. Although it is also possible that the layers seen on the 0:0 and 3:6 o -zenith beams have enough \roughness", or corrugations, that the small di erences created by sampling di erent parts of the layer will result in no better agreement between the AOAs and the SNRs on o -zenith beams than what has been seen here. It should be noted that a second AOA/DBS experiment was also conducted which utilised square antenna groups on the North-South array only, instead of the strip antenna arrangement utilised for the work in this paper. In the interests of conciseness the results of this experiment are not discussed here, however they reveal the same vertical beam AOA/o -zenith DBS relationships as the data presented in this paper, thereby a rming that the relationships are real and not an artifact of the data collection regime.
5 Summary DBS and AOA data was used to compare SNR di erences as seen in symmetrical ozenith beams, with AOAs as seen on a vertical beam. Independantly, measurements of SNR di erences in symmetrical o -zenith beams and non-zero vertical beam AOAs have been attributed by various authors to the e ects of tilted specular layers. The comparison of the SNR di erences and AOAs presented in this paper suggests that this is the case for 3:6 o -zenith beams, and that the SNR di erences measured on 3:6 o -zenith beams, and the AOAs measured on vertical beams were both responding to the changing tilt of the specular layers. In contrast, the 10:8 o -zenith beam did not appear to be as a ected by the tilted layers, evident in AOA measurements on the vertical beam, although there were times and ranges where there did appear to be a relationship between the two. Figure 9: Key for the plots on the following pages. The data at a range of 3 km is shown using diamonds connected with a dashed line, data at a range of 3.5 km is shown with asterisks connected with a dashed line and so on, over the height range from 3 -8 km. Note that the time in hours along the x-axis is approximate only as it is rounded to a whole number and as such, the di erence between any two labels on the x-axis varies from 6 to 7 hours. Figure 9: Key for the plots on the following pages. The data at a range of 3 km is shown using diamonds connected with a dashed line, data at a range of 3.5 km is shown with asterisks connected with a dashed line and so on, over the height range from 3 -8 km. Figure 15: Linear correlation coe cient for the SNR di erences seen on 3:6 o -zenith DBS beams to the north and south, and the AOAs seen on the vertical beam measured 3 minutes after the DBS beams. The AOAs used here were measured on the vertical beam that was directed between the 3:6 o -zenith DBS beams to the east and west.
